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DRAG ARD EVAPORATION QOF DRY ICE HODELS IN
SUFERSONIC AIR FLOW

By.

K. BH. Gruenewald

ABSTRACT: Invecstigatinus oz dray and evaporatica

of dry ice modeis were copducied inp the NOL 44 -

34 Ccm Aeronaiiristics Tuanel Ne., 2. The drag coef-

ficiont was determined for dry lce spheres at Mach

numbers 2.9 and 4.3, and the rate of evaporation of

dry ice was investigated on cubes ard spheres at

Hach pumbers (.2, 2.9 and 4.3. The drag coefficient

wa3 found to be essentially the same as that of usuai

ntisvaporative wiand-tunnel wmodels of the same geometric
. Most of the evapcration during a blow occurred

#h the front porticu i the wedsl., In thie wind tunuel

NN LI Lels veuwscu uY SYARPOXr2Tion becomss smaliler

as Lhe '"aeach number is increased due to the lower

Zenciy 7 4 air ia ine test section at higher Mach

puklsT: . F_. _hermore, the mass loss per unit cross-

¢=zctiovaul area of the model decreases with increasiag

moGel size.
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Tnig report presents resulis of experiments on evapo-~
rating models. The invssiigation wss suggested by
Prcf. F. L, Whipple, Harvard University, Cambridge,
Massachpsetts iz connsction with Mis studies on
meteors. The results of this inve-tigation have been
ovaliuated with respect to their ap;lication tc astro-
physical phenomena ty R, N, Thowas and ¥, L. Whipple
and are partialiy published iz references {(a) and (b).
Since experimental resuits on evapoTating madele wmew
sisyv D2 oI 1nterest to problems of missile cooling,
the investigation on dry ice models is presented in
all details in this report.

This investigation was made under NCL task number
Re9g~1¢8, The measurements were carried out at the
Naval Ordnance Laboratory in the 40 x 40 cm Aero-
ballistics Tunnel Ne. 2 in 1930,
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DRAG AND EVAPORATION OF IRY ICE XODELS IN
SUPERSONIT AIR FL{¥

¥. IRKTRODUGCTION
1. A theory for determining air dermsitics RT haigh
alti‘udes fror asteocrvic date has been develiopsd by
F. L, Wiippls (reference ¢). The spplication of
ihis the.ry requires the knowledye of the mumerical
valurg of two quartities, namely asrodynamic drsg
and mess loes of metsors which have to be sgtimsdd
Ia order tc substantieds {00 qunntztazzve aspect of
iuis tnecory, Fratfagsor Thipple {(reference d) eug-
guosted the sxperissntal icvestigatioen of avaporation
vate and drag of vaporizing models in a superaonic
wind tummel. An accuracy of the test resuits within
30 per cent of the actual valuer was considersd
gufficient to sstisfy the theory.

2, The tomporature of the atmocpiere gt 50 hm
altitude z=ountz to 1hau? *?F“V Tie » BeTaLET
t=aTialuy &Y &2 sp 24 s5f 50 km/sec al this altituds

{reference e) the atagnation tenpnratuxs of ths air
is= approxiaasely 16%0x (ze!o:anca £). The temparatiurs
of *hi weiesr was asmsumed tc D2 ZOOUPHE, and the mstecr
wves coasidaresd to vayorize frox the molid siste
xsublzwstiaa} {refersnce d). In crder to mizuiate
thene conditiens 2t low temperatures, dry ice {szzlid
»uzj vas ohoser 83 the model matsrisal for the wiad-
Tunael gﬁasura@ﬁa@m. iry ice Las a subliestice point
o7 194.79% &t ? z2im {vsferxence gJ), waich iz inter-
axdipie petwean the wiad-tunnsli stiagnsaticn tempesstiure
of about 309%E zod the static toepsraiwre oi ths zip
2low {1779% fer X¥ach pumbar 1.56 to about 50°%% fos
fxch nusber 5.06).

-
=
e

IX. TEST ARRANCEURMND

3. The iovestigation was perforzed in The HOL 40 x
40 o= 2svoballistics Tunael Ho. “ {reference k). Por
this tuvunel the air e tgke f*cu tha *ﬁaospnaraq
paagad througi & drryer wuich dries te 2 dewroint of
aporoximately «309C, expssnded in 2 Laval nozzle, and
discharged through a sugeraonic diffuser into a
vacuua vessecl of 2000 »” voluwe. The tunnel is of the

1
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2 PO s ST S Y,
intormitieat yvye wivhn a4y *2 8N GonoxSs LIiogine

and has a nczzle exit cro;; c-ztion ov U . 3
The Mach nmumhera and models investigated sre zihown
in Tahle Y,

~
A

TABLE I

iNVESTIGATED DRY ICE MODRLS

Kach Sphere Diamecter Cube Side Length
Number in = in mm :
e . -
A a ! |

1.86 | 302 | 50% | -~ 35 1505 | --
2.87 | 30 | 50 ’ 70* | 30% | 50% i 70%
4'25 j - - l 50 ! oon ap am o ! - 1 )
x} Evaporation rate measuraments only

2

4. Bizh Mach numbers with low 2ir dongitles eonld
beat simulais the aanﬁit OUR @monTmEiasd Lo oo i
i BRs upper atmospaere., ﬁowaws‘i at ¥Kach comber
4.25, the highsat Mach nuaber used, the duraticr of
8 tunnel biow was slresdy too shori to produce g
mass loss sulficiently great toc couse g visidle
~hange 1n ihe model shape. Drazg measuremsnts have
heen ©obtained in tgo cazes oriy, sisce in ihs course
of the !zvestigation the baiancgs for thke drag B%ase-
urERents become inoperative, The RESS L6038 Was
dotermined ian all cases,

g, &g dry lee mcdel waz asunted ou 2 prececlisd
neider of emsll heat conductivity {(bskelita) in
ordasr 1o reduce svepsratios of dry ice by hest esn-
duction tiarough the helder., The holder coveved (he
frant portaon of an axis! force baiznce having £ ko

lead capeciiy (Figure 1). The spring deflection

during the bilow cansed bv ihe gir forces effactzs the

*esistancs of thne sirzik gagez attached to the

springs. The current Jdus to the ~hange of the

To818iancs was measured by s GE potentiometer reccxder.

The balance was calibrated with model-holder and a

ring ot dry ice areu:d the holder screw provided to

hold the model. In this mANSYr Srrors caused by tae

low temperature of the dry ice mcdel were eliminated

as fsr as possibla, o
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6. The mass loss due to the vaporlzation during

the b ow was determined by weighing the models

beforc and ziter the blow. This loss was corrected
¥ the aass loss exparisaced during an egual handling
period without blast.

1IX., TEST PROCEDURE

A, Manpufactaring of the models

s The dry ice was sawed into cubes and in esank
2uhT o LIid waln turesnos was cut usizg a tap pre-
cooled in a mixture of dry ice and alcohol. Then
the cube was screwed on a precoolea sting of bake-
lite mounted on a lathe and was cut to a sphere with

a kanife.

B. Test

- : 3 ] - ~ -~ < D e
&, The model was weighed guickly lyimg on filisr
rigras in pmdeas fo wodULE kess luBs Gue U0 Bsat cone

duction to the &cales. At the moment the weight was
determined a stop clock was turned on. After the

iameter of the model had been measured wiih a3
caliper,; the model was screwed om the precooled bzke-
lite sting covering the front portion of the balance.
(This sting was precocled by an attached dry ice

iece.) Then the balance was adiusted and the hlaow
started. Another step cinck measured the Siow time.
Tne drugz wazz recorded during ithe biow with the GE

ecordey After the blow ithe model was taken out of
tue iunnel and weighed zpain. The stop clock was
turned off whzo this second weighing was finishaed.
Finally the diameter of the mcdel was measured agsin.
Tne time between the cnd of the bilow and the end of
the secord weighing waes determiund with a watich.
Supply air presswre and temperaturc were measured ifor
the detz2rziration of the drag coefficient,

C. Mass losc without blow

9, The procedure for determining the mass loss
without blow was the sa2me ag just described but
witkcut biow and drag measurements. This mass loss
was dJdetermined for cubes and spheres with diflerent
side lenging or diameters and also for different
evaporation times,

UNCLASS IFIED
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iv. DATA =EDMICTION
10. The drag 2ocfficient oif the model was det-~r-~
mined at the stari and the end of the blow only
and the evaporated mass was determinad for the
time dusxilion ¢f sme blow., The following steps
were taken for this procedure:

A, Diameter at start and 2nd of the test

11. The model dia.meter at the start and the ozd
of the test (first and last weighing of the model)
was measured by a caliper. These measurements
are inaceursts in en fow o b 232530 wmeavn wry
ice Aduring the tlime it toucnes thre model and there-
fore indicates a diameter smaller than the actual
diameter. Thée inaccuracy is larger for spheres
than for cubes because the caliper touches the
sphere in two points, which melt quickly, but
touches the cube 3long two sides which mslt more
siowly., This was confirmed by comparison of the
mezsured dizuseters ¢f ths spharsz with thr disnsters
calouinied Ivor the welrht ~»¥ the *ﬂﬂ*lr e Bhe TotE
5iarv uouer ins augumption that ihe models were true
spheres and cubes, and taking into account the weight
of the sting hole in the models {The specific weight
of the dry ice used was determined tc be 1.52 g/cm3.)
The culculated side lengths o1 the cubes agreed wi*h
the measured ones within less than )} par cent; the
calculated values of the sohzre fiametars wers about
1 per cent tc 2 per cent larger tham the measmured
values. Considering the inaccuracy cf the measurementis,
the calculated values of the dismeizrs were taken at
the test =ztart, Since the shape oif the zodeis changed
unsymmetrically during the blow, ouly the measured values
of the diameter at the end o the isst coulyd be used for
the data evziuation. However, 0.2 =z correspondisoz to
about 1 per cent <f the diaseter =k *h% smzllesi sphere
have b2en added as a correction to the measured values
of the sphere diameter according to the above mentioned
experience.

B. Diameter at start and end of the blow

12. These diameters were obtained from the diameters
at start and end of the test, deducting and adding the
experimentally determined diameter decrease for the
time while not blowing respectively.

4
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13. This time consists of two parts; the time
between the first weighing oi Tha modei arZ the

blow start and the time bstween blow end and second
weighing. These time intervals were determined from
the blow time, the time between first and secound
weighing and the time between blow end and second
weighing all of which were known.

i4. Furtharmore, the mags logs of spheres and

cubes for times without bicw wasy known. The diawseter
decrease of the models withoui: blow was determined
and iz shown in Figure 2. It was obtairned from the
measured and calculated dizmeters of the mecdel at

Lz st e BLHU wLuw Duu Ui e Test Wionnut CilVW,
Figure 2 siaows that the scatter cf the calculated
values is less than that of the measured values, as
explained gbove. The diameter decrcase as a function
of the diameter at test start for a constant time
interval is shown in Figure 2a. One curve for ali
models was used since the diameter decrease was fcund
to be independent of the model size within the measarjny
ascuracy. The avexare seatiasr of the caiculated valiues

- _.l.-_..b PR . . o
B ad - e e W i 3“5& NP e W W

€. Drag coefficiant

15. Since the diameterz of the model at the start

and the end of the blow are determined, the correspond-
ing cross--sccticon areas A avre kmoown. The density ¢

and the velocity v of tue undisturbed flow rere deter-
zined frox theé pressusrs auu temperature of the supply
alyr and ths kach number. The Jdrag coeificiant Cp was
calculated using the equaiion:

F

where F 15 the drag force.

D, Hass loss while net Siovwing

16. The wass loss per unit time and unit surface area
without blov was found to be the sape for cubes and
spheres; namely, C¢.000283 g/sec. cm> + 6 per ceat.
However, the mass losz without blow referred to the
cross-aectional area ls differeat for cubes and spheres
(see Teble 3). To faciliiate data reductiocn, the mass
loss was referred {to the cross~sectional area of the

UNCLAS%IFIED
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noUSL1s since the ares parpondicular to the pir
stream did not change much as compared with tbat

0f ths model surface during the blow (Figure 3 and
Tablie II). Puriharmors, it wes difficult to deter~
wins the mcdel surfasce area after ihe biow.

17. The mass ioss for the time betwoen test start
aau viow ezart was obizined by multio!yina the nass
lrgs without blow (in g/*aco cw? aves) with the time
without az:w and wWith ¢ averuge cross-sectional
area which the wmodel had during this tims. The sane
wae done P2 thc tizme betwoen blow end and test sxzd.
Both mass losses added togéther g-ve the tﬁt&‘ mrge

inae "k‘.‘“ ‘&* E::.-..::” o amer ;-v\xvuuaw V" UW&@’LK‘S‘.&BLH:‘

the mass ioss after the hlow is senewhat inasccurate
because the model skape after the blow is not a sphere
or a cube raapectxvaly. This procedurs was chosen,
bhowever ssuge the avsrage murface ares cf the model
after tﬁe blos was very difficult to determine and
because the timse betweea blow sad z2nd tesgt end was

in no case more thzn 31 par cent of the total tige
without blow,

p ¥zeg ioss during tlow

18, This loss was cbdtained by deducting tha losm
while not vlowing from tha totzl loasz betesearn ths
tws wﬁégu¢4$he The =gze iosz yas referrsd to ocae
zecond biow time amd %o ons oms of The a7Srege CroEde
sectionz2) arma of the &5@1 rerpgeadisular to ths sir
sirser durizsg blow time

Y. ACCURACT G¥ [HEZ XEASTRENEETS
19, Thke calibrstion of the bai anes showed that it
waas sniiuvenced ny sideforces suek a2z Lifh and yav. The
measuramant cbigiaed from =2 zidsforce wasz kbour 20 oer

cant i the value resultirg fyom s force i the ma=s
magnituds acting axiali;. 1In spite of this izaccuracy,
this baizace was uzed bscause® no other balance was
avaiiable at that time, Furthermore, since the wmodel
ghapes at least at the staxrt of the blow were symmetrizn
with rsspact tc the air streamn; any sideforce influence
could b# conslaoved negillgibie., The holder infiusnce or
the drag measurements could not be eliminsted completely
but this izfluence i3 considered to b2 small and may be
neglected for these modeis. The Approximate accuracies
for the mass losses during the blow were calculated with
the following assumed errors in deternining the teat item::

UICLAA%I!IBD
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Weight *0.L g
Time between weighings 2 1 sec.

Tinme without blagt between test start
and blow sitart 2 9 soc.

Time without biazst ketween blow end
and test end T £ sec.

Biow time * (.2 sec.

Diameter decrease without blast {ax
St wapwrimentativs ¥ T ooy sent

M2aes 1gss without biast per second
and cm2 cross-sectional zrea (as
found experimentally) * € per cent

Diamatar at test start and end
T 0.3 mm for spheresr

1= A - - A &
A_@ ...C':.b’:w =5 w\ﬂﬁ rnmiL ang

tu.l mm for cuhbes

]

The error in the determinstion of ihs average
se-gecticngl area of the medels duriug the blow
calculated {0 b2 legss than 1 per cent 2or 3 cube
O mm sics iength acd up to 2.5 ver cent for g
C nmm dismeter. The mass loss per gecond
is "'? was found to be accurmfc to + § per
ch pumver 1.86 amd up o ¥ 17 per ceat aif
ber 4.25. The measured vaiues o0f the zasw
or ail wodels and gli Mach numbers scatter
11 per cent around the curves drawn 1
Figure 4. A£%1 Mach number 1.8c there oxists a distiact
diftzenrnos Letween cubes {(scailiscs + 5 per ceat) and
spheres {(scatter * 16 per cesutj;. The high value of
acattering of the spheres may be atiributed to ioss
cf pieces broken off from ths sphores during the blow,
(See values with question marks in Figure 4).

[GRE IR B
b Q

LRy o
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¢
;
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Vi, RESULTS

22, The vaporizatior cf dry ice at Mach number 4.25

was so small that no change ir model shape could be
observed. At the lower Mach numbers 2.87 and 1.86

the evaporation was clearly visible. During evaporation,

”~
[
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The Iront ;:rt U vus mwdeis assumed a conical shape
with a round t4ip and ricks iz case cf the spheres zud
formed sloping areas with nicks in case of the cubes.
The rear part of each model remainsd unchanged. The
scaevhbat non-uniform evaporation at the front part may
be crused by inhemogeneities of the polycrystallims
etructurs of the dry ilce, due to iluc mechanical com-
oscting of ihe saow fizkes in making =0iid dry ice.
The shapes of modeis with 5 em dismeter zfter ithe

tlow are showr iu Figurs 2 (ome exlindrical modeil,

$ c= long snd 2 cm in diamster, was alas investigated
and ix shovn in Pigure 3). Modele 3 om ir diameter
rhoved more ercsion of shapes (half apherical shape

:n the case of 8phore~), podels with 7 ce diameter were
Toon amcd-d a5 Tue svuvas sopowin 1n rrLgure 3w

21, The drag coefficient of dry ice spheres was
Zound to be approximately 1 at Mach aumbers4.25 and
2.87, moasured 3 to 3 gac, aiter the blow started.
The coeofficient increased 5 per cent at Kach numbsr
4.25 and 16 por ceuat at Mach number 2.87 during the
blow with a duration of sbout 35 sscondes (Table 3).
The drag coeificient shertly afi=r tiow ziart is iz
fair ngrasewent «idh Lo 2o o  Cllavizbi O SPHETSE
measured in supsreonic wipd iunnels. The increase
5% the drag coefficiert during the tlow can be
attributed to the varilaticn of the shape ¢of the
model and seems to be unaffected by the evaporation

of dry icne Squuﬁaﬁiﬁg ihe model. Thus the drsg
coefficient jeame *o be the sawe s found for pone-
svaperativs vaud=-tunnel modeis of the same shape.
Bacele the shape cnanges aduring the blow from
spaevan to hemiSHha“os (ezpscialiy at low Mach
aunbarsi , the drag coefficient can he srmacted to
be hatween 1 and 1.5.

22. The mase loas during the evw Patica as 3z
function ©of the sverags zrosg-=sectiocnal area of the
model cduriag ths bisw iz 2l s¥e ia :igure 4. 7The values
for ths zpheres and thuse of the cubes have besn found
10 be apprcximately equal a% each Mach number. Some
previous unpublished data by J. K. Kendall and

P. P. Vegener of NOL taken zt g Hach oumber of 1.7 in
& continuous 2.5 x 2.8 cmw wind tunnel are included in
Tigure ... The graph shows that the mas== logs dus to
the evaporatici <f dry ice inereases with decreasing
Mach nunier and with decregzzling urea

f; L
[
! vhg

23. Tke evaporation of 4ry ice in supersonic air
flow may be explaired 28 follcws: The evaporation

8
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0% ary izgz is duw to the transfer of heat from the
air 1o the rcdcl anu v the transter of evaporated
material from the modsl to the zir. The high rate

of energy exchange with the ouncoming air at the

Iront par» of tho model causges a great evaporation

of dry ics. The evaporating process 18 supparted

by the qguick zepiacement of evsporatiang dry ice
molecules by air mclecuies. The number of air
molecules per wupit time is a function of air dexsity
and velocity. At the rear of the model the enerxgy
exchange is smalier. The mass transfer cccurs mainlw
by diffusion of dry ice molecules ic the air stream,
Therefore this part of the mecdel shows & musk smallex
change in shape during the blew than the fvant pové
At Towar ool Lwswess B0re ary ice evaporstes due

to the higher air densities.

24, There exist two possible explanations for the
dependency of the evaporaticn rate on the model size.
{a) The average thickness of the CG% air layer on
the small zodel is smaller than on the large model,
thus allowing a larger energy axchange relzative o
the size of the model ’b; Heat ccoaduected froax ile
nsdel Hu;u—v S s t;v Svauy O The nmoael has a
gireater infiuence on thie overall evaporazition from
smaller models than from iarger ones,

vii. CONCLUSIONS

he arag coefficient of dry ice spheres was

te be 1 at Mach numbers4.23 and 2.87. It

ag=d during the blow by © per cent ai Mach number
-?* aud by 16 per cent at Mach number 2.¥7 due to the

anange of the phere snape caused by evaporation,

W;thin the accorszy of the drag mezs nr@“*nts, the drag

roefficlent ¢i diy ice models can be considered 2 be

egqual the drag ccefficient of usual non-evaporative

wind-tunnel models ¢f the same shape. No iniliuence of

the evaporated COp ctloud on this coefficient was found.

L2 b by 8D
30O n
-z%
’Y?Cb

26, The haighest evaporation rate of CO, cccurs on the
front part of the mcdels, showing a comnsSiderable change
in the model shape in this ¥egion,

27. 'The specific mass 1o8s cdue toc the svaporaiion
decreasaes with incraaaxug moi3cl sizes and is the same
for cubes and sphneres within the measurement accuracy.
Furthermore the specific mass loss increases with
decreasing Mach rumbers due to the increasing air
densities in the test section of the tunmn=l.

9
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